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1. Introduction

As a cornerstone of plasmonic nanostruc-
tures,[1] nanogap in between two facing 
tips or atomic clusters has undergone 
huge development during the past few 
decades. Due to the surface plasmon reso-
nance (SPR) induced by the incident light 
at a certain wavelength, nanogap with a 
subwavelength width can serve as a “hot 
spot” thus enhancing the local electromag-
netic (EM) field.[2] Applications of these 
functional nanogaps mainly manifest in 
various demonstration examples in sev-
eral fields, such as molecular sensors,[3,4] 
Raman imaging,[5–7] electrooptic plasmonic 
modulators,[8] nanogap electrodes,[9–11] and 
other related. Among all these applications, 
surface enhanced Raman scattering (SERS) 
has emerged as an advanced and prom-
ising analytical tool especially for molecule 
sensing.[12] The EM field enhancement, 
which is considered as the main contributor 
to SERS, turns out to depend strongly on the 
geometry and dimension of nanogaps.[13,14] 
For instance, nanogaps in between two 
nanoparticle aggregates contain a large 

number of hot spots,[15] which is useful for SERS sensing regard-
less of the incident polarization. For nanogaps between metallic 
electrodes, the strongest local field occurs at the situation that 
the incident EM field is polarized across the nanogap.[16] Further-
more, a reduction in the width of nanogap leads to an increased 
local field.[17] Therefore, the control of geometry and dimension of 
nanogaps is crucial for their practical applications.

Over the recent years, the rapid development of nanofabri-
cation technology enables the creation of nanogaps either by 
advanced lithography and etching techniques,[18–21] or by par-
ticularly designed depositions.[22–25] Although these methods 
offer good controllability over the resolution and geometry of 
nanogaps, each method has its own disadvantages, including 
costly instruments, slow speed, and complex manufacturing 
designs. One of the most versatile choices relies on control-
lable cracking for fabricating nanogaps.[26–28] For example, Pan 
et  al. reported a stress-induced cracking approach to produce 
scalable suspended Ag/SiNx nanogaps, as the basis of an SERS 
substrate for molecular sensing.[29] With optimized geomet-
rical designs for the initial nanobridge, the width of resulted 
nanogaps is controllable in a range from sub-10 nm to tens of 
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nanometers. However, most of the demonstrated SERS sub-
strate is rigid and brittle, which is unavailable for tuning the 
gap distance, thus inducing weak optical tunability and low 
sensitivity for the identification of large biomolecules.[30]

Although numerous theoretical and experimental investiga-
tions on mechanisms,[31,32] fabrications,[29,33–37] or applications 
of nanogap-based SERS substrates,[5,38–40] have been conducted, 
the simultaneous realization of scalable manufacture and 
dynamically tunable responses from a flexible nanogap-based 
SERS substrate remains a significant challenge, which hin-
ders their development in both fundamental nanoscience and 
practical applications. In this work, on the basis of previous 
researches,[30,41] we developed a local-cracking method to fabri-
cate a flexible silicon nanogap array, with scalable production 
and controllable dimensions, as an additional option in the 
dynamically tunable SERS substrate for molecular sensing. 
Optimization of the geometrical designs for silicon ribbons 
will facilitate the local cracking with the highest yield of about 
99.74%. By controlling the loading stress and the temperature, 
we achieved a 90 × 90 nanogap array with tunable gap width, 
which was further developed into a flexible SERS substrate. 
The tunable nanogap width enables the dimensional match 
between the nanogap width and the molecule diameter, which 
plays vital roles in acquiring appropriate substrate for the iden-
tification of molecules. Dynamically tunable SERS substrate is 
realized by the thermally induced local stretch or contraction 
of silicon nanogaps. Appropriate heating treatment of our dem-
onstrated SERS substrate can ensure the complete entrance of 
biomacromolecules into nanogaps, and the following cooling 
treatment shrinks the nanogaps to achieve an enhanced Raman 
signal. This work offers a feasible and effective approach for the 
identification of molecules with a wide size range, which could 
benefit environmental monitoring and biochemical detection.

2. Results and Discussions

Flexible silicon nanogaps are fabricated by a local cracking 
method, as schematically shown in Figure  1a. In the begin-
ning, a cleaned silicon-on-insulator (SOI) wafer is patterned 
into silicon ribbons with periodical “head-to-head” notch 
pairs via photolithography and reactive ion etching. After the 
removal of buried silicon dioxide in aqueous hydrogen fluo-
ride (HF), a cured polydimethylsiloxane (PDMS) slab is used 
to pick-up the released silicon ribbon, which is enabled by the 
van der Waals force between PDMS and silicon.[42,43] Notably, 
the PDMS slab is flexible and elastic, and will deform into a 
curvy structure during the picking-up process, thus leading to 
the formation of local cracks in between notch pairs of silicon 
ribbon because of the concentrated stress at their tips.[44,45] 
Figure  1b displays a typical flexible silicon nanogap array on 
PDMS substrate, and the inset shows the scanning electron 
microscopy (SEM) image of a typical silicon nanogap. Since 

the pre-patterned silicon ribbon is defined through photo-
lithography, the obtained flexible silicon nanogap array is 
scalable to a large area, with the potential for wafer-scale pro-
duction. To obtain the flexible SERS substrate for molecular 
sensing, an ultra-thin Au layer is deposited on the silicon 
nanogap array through electron beam evaporation. As sche-
matically displayed in Figure  1c, the Raman scattering peaks 
of the target object are significantly enhanced from Au/Si  
nanogaps compared with their counterparts of Au/Si rib-
bons due to the electromagnetic field enhancement caused 
by surface plasmon resonance. Notably, the thickness of Au 
layer can affect the local electromagnetic field of SERS sub-
strate.[29,46,47] Herein, the thickness of Au layer is set as 30 nm 
to ensure good SERS properties. Moreover, because of the 
flexible nature of our fabricated SERS substrate, the width 
of nanogap can be tuned by stress or temperature, which in 
turn influences the intensities of Raman peaks.[1,48] As dem-
onstrated in Figure  1d, the intensity of the featured Raman 
peaks obtained from Rhodamine B (RhB) on flexible SERS 
substrate increases as the decrease of temperature because of 
the reduction in nanogap width caused by the PDMS contrac-
tion during cooling. Although the increase of temperature will  
induce a decreased Raman peaks, the obtained Raman signal is 
still much larger than that of pure Au/Si ribbon (see Figure S1,  
Supporting Information). The demonstrated ability of modu-
lating the nanogap width by our flexible SERS, always with 
enhanced Raman scattering signals, offers potentials for the 
identification of molecules with a wide size range.

Although the scale production of pre-patterned silicon ribbon 
can be conveniently realized via traditional photolithography, the 
yield of silicon nanogap, defined as the ratio between the number 
of cracked notch pairs and the number of initial notch pairs, is 
crucial for their practical applications. To investigate the geom-
etry-dependent yield of silicon nanogaps, we vary key dimen-
sional parameters of the pre-pattern for silicon ribbons, including 
the distance (labeled as “a”) of two notch pairs, and the notch 
angle (labeled as “θ”), as shown in the inset of Figure  2a. The 
width of silicon ribbons (labeled as “d”) is set as constant, that is, 
50 µm. After picked-up by PDMS, the yields of silicon nanogaps 
are counted from 20 × 20 notch pairs. As shown in Figure  2a, 
decreases in both a and θ will result in an increased yield of sil-
icon nanogap, which reaches 99.74% when a is 5 µm and θ is 30°.

To theoretically explain the relationship between the geom-
etry of silicon ribbons and the yield of silicon nanogap, the 
yield value is assumed, for simplicity, to be positively related to 
the stress concentrated at a notch tip. According to the fracture 
theory,[44,49] the generalized stress intensity factor of V-shaped 
notches, KI

V, as a key parameter that has a positive correlation 
with the yield of nanogap, is a function of the notch angle θ. 
Therefore, we focus on the relationship between θ and KI

V .
According to the general formulation, pick-up induced 

stresses in the neighborhood of a V-shaped notch tip for mode I 
(tension) can be described by three components,[50]
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where σω, σr, τrω are circumferential (tangential) stress, radial 
stress, and shear stress, respectively, by using the polar coor-
dinates (r, ω), aI is the real part of a complex constant, λ and μ 
are real coefficients with λ > μ by hypothesis, r0 is the distance 
between the notch tip and the origin of the polar coordinate 
system (for blunt notches, r0 ≠ 0), and χ is a coefficient which 
can be expressed as,

sin 1 / 2
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where q is defined as 
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,1]λ ∈  is the singularity 

power, which can be solved from the following equation,[44,49,50]

sin 2 sin 2 0λπ λθ λ π θ( ) ( )− + − = 	 (3)

The variations of λ and χ with θ are extracted through a 
method similar to the polynomial expansion, as shown in 
Figure S2, Supporting Information, which is consistent with 
the previous report.[44]

For the distribution of stresses in a sharp notch tip (so that 
the notch radius is set to zero), Equation (1) can be simplified 
as,[50]
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Figure 1.  a) Schematic illustration of the fabrication process for a flexible SERS substrate. b) Optical photograph of a flexible 200 × 200 nanogap array. 
The inset shows the SEM image of a typical silicon nanogap (scale bar: 200 nm). c) Schematic illustration of a flexible SERS-based molecular sensing 
array. d) Raman spectra obtained from 10−4 m RhB on flexible silicon nanogap-based SERS substrate at low temperature (−60 °C, blue curve), room 
temperature (20 °C, dark yellow curve), high temperature (50 °C, red curve). The Raman spectrum of 10−4 m RhB on an Au/Si ribbon is measured at 
room temperature (20 °C, gray curve) for comparison.
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Considering that σω is the principal component which 
is much larger than σr and τrω, the circumferential stress σω 
is focused on in this work. The definition of KI

V  is given by 
Gross as,[51]

π σ= ω ω
λ

→ =
−2 lim ( )0 0

1K rI
V

r
	 (5)

According to Equation (4), limr → 0(σω)ω = 0 can be calculated as,
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Substituting the expression into Equation (5),

2 · 1 1K aI
V

Iπ λ λ χ λ( ) ( )= + + −  	 (7)

Substituting the expression of λ and χ with θ into Equation (7), 
the relationship between θ and KI

V  can be obtained, as shown 
in Figure 2a with solid lines. The theoretical calculations agree 
well with the experimental results, suggesting our proposed 
method is controllable and reliable to fabricate silicon nanogap 
array. Using the optimized geometrical parameters, a 90 × 90 

Figure 2.  a) Experimental results (dots) and theoretical calculations (solid lines) about the influences of geometrical parameters of the pre-patterned 
silicon ribbon on the yield of nanogap; n = 3 independent experiments. b) Optical microscopy image of silicon nanogaps on the PDMS substrate. The 
inset shows the SEM image of a typical silicon nanogap (scale bar: 1 µm). c) Raman spectra of 10−4 m RhB obtained from Au/Si nanogap (red curve), 
Au/Si ribbon (blue curve), and Au/PDMS substrate (grey curve). d) Experimental results of the relationship between Raman enhancement (RE) at the 
Raman shift of 1650 cm−1 and the nanogap width. e) Simulation of surface electromagnetic field distribution of Au/Si nanogap (scale bar: 500 nm). The 
black and red arrows represent the propagation direction (k vector) and the polarization (E field vector), respectively. The width of nanogap is 50 nm. 
f) Simulated results of the relationship between |E|4 and nanogap width.
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silicon nanogap array (over 1 cm × 1 cm) is achieved, and a typ-
ical optical microscopy image is shown in Figure 2b.

Because the notch-concentrated stress induces the local 
cracking of the notch pairs, that is, forming silicon nanogaps, 
SERS can be obtained after the functionalization of the silicon 
nanogap array (over 1  cm × 1  cm) via depositing an ultra-thin 
Au layer. As shown in Figure 2c, Raman spectra of 10−4 m RhB 
are collected from a random point of Au/Si nanogap array, Au/
Si ribbon, and Au/PDMS substrate, respectively. As a result, 
Au/Si nanogap enables significant enhanced Raman signals 
compared to other scanning samples. The Raman enhance-
ment, RE, is defined as (ISERS − Ibulk)/Ibulk × 100%, where ISERS 
and Ibulk represent the intensity of Raman scattering peaks 
obtained from Au/Si nanogap array and Au/Si ribbon, respec-
tively. As a result, RE is calculated to be 2060%, 2060%, 1820% 
at the Raman shift of 1649.3 cm−1, 1509.2 cm−1, 1362.0 cm−1, 
respectively. Moreover, this enhancement is strongly depended 
on the width of silicon nanogap, as shown in Figure  2d. 
Notably, an obvious RE still appears when the width of nanogap 
is about 2000 nm, suggesting a promising potential of our fab-
ricated flexible SERS substrate as the platform for sensing large 
molecules. Detailed Raman spectra of RhB obtained from Au/
Si nanogap with different widths can be found in Figure S3, 
Supporting Information.

The ability of localizing and enhancing the EM field within 
Au/Si nanogap is crucial for SERS application. As a result, the 
surface electromagnetic field distribution of Au/Si nanogap 
under an incident light (514 nm in wavelength) is simulated via 
finite element analysis (FEA). As shown in Figure  2e, a local-
ized and strong electromagnetic field is observed within the 
nanogap area, thus allowing for the application in SERS.

Previous report demonstrated that the electromagnetic 
enhancement within nanogaps is the main contributor to the 
Raman signal enhancement, and can be expressed as,[48]

EM
2 2

E E Eω ω( )( )= ′ 	 (8)

where ω and ω′ are the incident and scattered frequency, 
respectively, and |E(ω)| and |E(ω′)| represent the ratio of local  
electric field to the incident electromagnetic field at the two fre-
quencies. For qualitative investigations, it is assumed that ω ≈ ω′  
as the enhancement at both frequencies are approximately the 
same. As a result, Equation (8) can be simplified as,

4E EEM ≈ 	 (9)

where |E| is the simplification of both |E(ω)| and |E(ω′)| men-
tioned in Equation (8).

Therefore, the simulated |E|4 varying with the width of 
nanogap is investigated. As shown in Figure  2f, |E|4 increases 
with the decrease of the width of nanogaps, agreeing well with 
the experimental results shown in Figure 2d. These presented 
experimental and theoretical results of the relationship between 
the enhancement in Raman scattering of RhB and the width of 
nanogaps provide a theoretical basis for further studies about 
dynamically tunable SERS substrate through controlling the 
width of nanogaps.

To demonstrate the controllability and reliability of our 
proposed approach to fabricate silicon nanogap-based SERS 

substrates, homogeneities in width and SERS properties of 
silicon nanogap array over a large area are investigated. In this 
regard, two strategies involving with and without a vertical 
loading stress are utilized, as schematically shown in Figure 3a. 
External vertical loading stress is applied to one edge of the 
PDMS slab. When peeling off the PDMS stamp without any 
loading stress, a uniform silicon nanogap array with almost the 
same width along the ribbon direction is obtained, as shown 
in Figure 3b with purple dots. However, when a loading stress 
is applied to the edge of PDMS slab, which just attaches to the 
released silicon ribbons, an uneven silicon nanogap array with 
regular variations in width is obtained after the peeling off pro-
cess. The width of silicon nanogap close to the stress-applied 
edge becomes much wider, compared to the nanogaps far away 
from the stress-applied edge (also named as the stress-free 
edge), as shown in Figure 3b with red dots. The title of x-axis 
in Figure  3b, that is, relative position, represents the distance 
between the targeted nanogap and the stress-applied edge.

The applied vertical loading stress can significantly affect 
the strain distribution of the PDMS slab during the peeling-
off process. For the stress-free edge, there is no obvious dif-
ference between the situation with or without the loading 
stress. Therefore, the width of nanogaps at the stress-free edge, 
WSFE, is almost equal to that of silicon nanogap fabricated 
without the loading stress, as shown in Figure  3b, implying 
the effect of loading stress on the stress-free edge is negli-
gible. For the stress-applied edge of PDMS slab, however, the 
peeling-off stress competes against the vertical loading stress 
due to the opposite directions. Extra stretching stress exists 
at the stress-applied edge of PDMS slab, compared to that of 
PDMS slab without the loading stress. As a result, the width 
of nanogaps at the stress-applied edge (WSAE) is much larger, 
that is, WSAE > WSFE, as shown in Figure 3b. Noting that this 
extra stretching stress decreases gradually (from the maximum 
to zero) along the direction from the stress-applied edge to 
the stress-free edge of PDMS slab, thus, the width of silicon 
nanogap that is peeled off by the middle region of PDMS slab, 
named as WM, is larger than WSFE and smaller than WSAE, as 
shown in Figure  3b. Detailed results about the width of uni-
form and uneven silicon nanogap arrays at different relative 
positions are shown in Figures S4–S6, Supporting Information.  
Figure S4, Supporting Information, shows the optical microscopy 
images of silicon nanogaps on the uneven nanogap array near 
(Figure S4a,b, Supporting Information) and far (Figure S4c,d,  
Supporting Information) from the stress-applied edge. The  
statistical distributions of nanogap width on uniform and 
uneven arrays appears in Figure S5a,b, Supporting Informa-
tion, respectively, and their corresponding SEM images are 
shown in Figure S6, Supporting Information.

The obtained uniform and uneven silicon nanogap arrays are 
further explored as SERS substrate through Au layer deposition. 
Homogenous RE appears at the uniform silicon nanogap array, 
with an average RE of about 1700%, as displayed in Figure 3c. 
For the uneven silicon nanogap arrays, the obtained average 
RE increases from 110% to 1656% with the increase of relative 
position along x-axis, as shown in Figure 3d. Notably, for both 
silicon nanogap arrays, RE remains almost unchanged at the 
same relative position along x-axis, as these nanogaps share the 
same distance to the stress-applied edge. The divided areas and 
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Raman spectra of nanogaps measured in each area are shown 
in Figure S7, Supporting Information (uniform array) and 
Figure S8, Supporting Information (uneven array). These pre-
sented results may provide guidelines to acquire appropriate 
SERS substrates for the sense of specific molecules, according 
to the match of nanogap width and molecular diameter.

It is known that the SERS signals are mainly contributed by 
the molecules close to the nanogap.[52,53] The relative location of 
the measured molecules to the nanogap can influence RE sig-
nificantly since a nanometer-scale variation in the relative loca-
tion will cause orders of magnitude change in RE.[54] In terms 
of practical applications, common dye molecule, such as Rhoda-
mine, has a relatively small size (several nanometers or smaller). 
Therefore, extremely narrow nanogaps as the hot spots for SERS 
are favored to acquire high Raman scattering as well as the high 
sensitivity. However, for biomacromolecules with the diameter 
normally ranging from tens to hundreds of nanometers (such as 
protein molecules), they can hardly access into or even near the 
hot spots if the width of nanogaps is smaller than the diameter of 
molecules. As a result, it is difficult to obtain the desired enhance-
ment of Raman scattering. Moreover, even the width of nanogaps 
is slightly larger than the size of the molecules, the steric hin-
drance may also prevent the entrance of molecules into the 
nanogaps.[55] Therefore, an SERS substrate with controllable and 
tunable nanogap width in a wide range is necessary for the iden-
tification of specific molecules, especially for biomacromolecules.

Because the silicon nanogap array in our work is transferred 
and directly formed on the PDMS substrate, which is mechani-
cally elastic and flexible, dynamically tunable SERS substrate 
with tunable nanogap width and RE is in prospect. Demonstra-
tion example is realized by in situ Raman measurement of the 
SERS substrate at thermal heating or cooling conditions, and 
the thermally induced change in nanogap width is schemati-
cally illustrated in Figure 4a. Due to the relatively large thermal 
expansion coefficient of PDMS, stretch or contraction can be 
conveniently applied to PDMS through tuning the temperature, 
thus inducing a widened or shortened width of nanogaps. As 
shown in Figure 4b, upon the heating treatment, the width of 
nanogaps broadens due to the expansion of the PDMS, thus 
enabling the entrance of molecules into the nanogap. After 
that, the cooling treatment will induce the shrink of the PDMS 
substrate, thus resulting in a shortened width of nanogaps, 
and an enhanced Raman scattering signal can be obtained.[56] 
Changes of Raman shift intensity with the temperature, which 
varies from 50 to −100  °C with a step of 5  °C, are shown in 
Figure  4c. It is found that the Raman shift intensity of our 
proposed flexible SERS substrate tends to increase with the 
decrease of the temperature. Slight increase in the intensity 
of Raman scattering is observed from the counterpart of Au/
Si ribbon due to the temperature effect on Raman scattering 
of RhB,[57] as shown in Figure S10, Supporting Information. 
Detailed Raman spectra measured at different temperatures 

Figure 3.  a) Schematic routes for the fabrication of uniform and uneven silicon nanogap arrays. b) The width of silicon nanogap varying with the rela-
tive position on the uniform (w/o loading stress, blue dots) and uneven (w/ loading stress, red dots) arrays. Relative position represents the distance 
between the targeted nanogap and the stress-applied edge. Raman mapping results of RE at 1650 cm−1 measured from RhB on: c) a uniform silicon 
nanogap array-based SERS substrate, and d) an uneven silicon nanogap array-based SERS substrate.
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are shown in Figure S11, Supporting Information. Taking the 
RE calculated from the SERS substrate at 20  °C as the refer-
ence, that is, RE0, the enhanced RE at a certain temperature 
is defined as (RET − RE0)/RE0 × 100%, where RET denotes the 
Raman enhancement at T  °C. Figure  4d shows the enhanced 
RE varying with the temperature. In particular, the enhanced 
RE reaches 636% at −100  °C. The demonstrated dynamically 
tunable SERS substrate exhibits great potentials for improving 
the sensitivity during an in-situ measurement, as well as the 
identification of molecules with different sizes.

3. Conclusion

In summary, we developed a simple and convenient approach 
to fabricate a silicon nanogap-based dynamically tunable SERS 
substrate for molecular sensing. Scalable production of silicon 
nanogaps with controllable width, and the ability of dynamically  

tuning the SERS properties for molecular sensing in platforms 
that are realized by a loading-stress approach or the thermal 
treatment, represent the main points of interest. Systemic 
experimental and theoretical studies reveal the key geomet-
rical design considerations to realize a silicon nanogap array 
with high yield and controllable width. Both experiments and  
simulations demonstrate that the Raman enhancement of  
flexible SERS substrate, constructed with the functionalized 
silicon nanogap array, is strongly determined by the width of 
silicon nanogap. The ability of constructing a single SERS sub-
strate with different widths of nanogaps enables the sense of 
various molecules with a wide size range. Dynamically tunable 
SERS substrate could improve the sensitivity during an in situ 
measurement. These results provide an attractive solution for 
the challenge of dynamically tunable SERS substrate for mole-
cular sensing, thereby accelerating the development of different 
classes of SERS substrates, with great potentials for environ-
mental monitoring and biochemical detection.

Figure 4.  a) Schematic illustration of dynamically tuning the SERS substrate, and the widening and constricting effect can be applied to nanogaps 
during the heating and cooling process, respectively, thus enabling the tune of SERS properties. b) Schematic illustration of the capture of mac-
romolecules by nanogap with a widened width (high temperature), and the SERS measurement at a shortened width nanogap (low temperature).  
c) Intensities of the Raman shift (1650 cm−1) measured from Au/Si nanogap and Au/Si ribbon varying with the temperature. d) Enhanced RE of 
Au/Si nanogap varying with the temperature.

Adv. Mater. Interfaces 2021, 8, 2100661



www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2100661  (8 of 9)

www.advmatinterfaces.de

4. Experimental Section
Preparation of Silicon Nanogap-Based SERS Substrate: (100) SOI 

wafers (Top silicon: 100 nm and buried oxide: 145 nm) were used to 
fabricate silicon nanogap-based dynamically tunable SERS substrates. 
After the ultrasonic cleaning with acetone, ethanol, and deionized 
water, the SOI wafer was defined with an array of notch pairs within 
silicon ribbon (50 µm in width) by photolithography and reactive ion 
etching (RIE), and the spacing between two neighboring periodical 
notch pairs was 100  µm. In this process, photoresist (AZ-5214) was 
spin-coated at 3000 rpm for 30 s, and O2/SF6 (3/15 sccm) was used as 
etching gases for 120 s at a pressure of 100 mTorr. After the removal 
of buried oxide by immersing the patterned SOI in HF solution 
(30%), silicon ribbons with periodic notch pairs were released on 
the substrate. Then, PDMS (Sylgard-184, Dow Corning, thickness 
≈ 1 mm) slabs were prepared by mixing base A and curing agent B in 
a ratio of 10:1, which were fully cured at 80 °C for 2 h. After forming a 
conformal contact with the patterned SOI, peeling-off the PDMS slab 
at a speed of about 10  cm s−1 led to the transfer of silicon ribbons 
with notch pairs, and silicon nanogaps formed simultaneously. Then, 
a 30 nm thick Au layer was deposited by electron beam evaporation 
at a rate of 0.1 Å s−1, and the flexible silicon nanogap-based SERS 
substrate was fabricated and put aside for the following application 
in molecular sensing.

Optimization of the Geometrical Design of Notch Pairs: Because the 
yield of silicon nanogaps during the transfer process was strongly 
depended on the geometry of notch pairs, key parameters including 
the notch angle (defined as the angle between two sides of a notch) 
and tip distance of a notch pair were optimized. The width of silicon 
ribbons was defined as 50  µm. A set of notch angles, including 
30°,45°, 60°, 75°, 90°, and 120°, and a set of tip distances, inducing  
5 µm, 10 µm, and 15 µm, were investigated to optimize the geometrical 
design of notch pairs. The yield of nanogap of different distances and 
notch angles was obtained by counting the number of cracks existing 
in the notch pairs of the as-prepared 20 × 20 notch pair arrays after 
the peeling off.

Characterizations: Morphologies of silicon nanogap arrays were 
characterized using an optical microscope (OLYMPUS BX51) and 
a scanning electron microscope (SEM, Zeiss Sigma). For the SESR 
characterization, flexible silicon nanogap-based molecular sensing 
array was dipped in 10−4 m RhB aqueous for 2 min, then the solvent 
was prudently wiped up. Raman spectrum was obtained by Raman 
scattering spectrometer (HORIBA LabRAM HR800), and the 
wavelength of the excitation laser was 514.65  nm, with a focused 
spot diameter of about 1  µm. For dynamically tuning the SERS 
substrate via a thermal treatment, the temperature was controlled 
by a heating and freezing microscope stage (Linkam THMS600) 
linked with a temperature controller (Linkam T95-PE). A liquid 
nitrogen container was linked with the stage too. The flexible SERS 
substrate could be heated by the metal heater in the stage, and 
cooled as the liquid nitrogen evaporated. The cooling/heating rate 
was precisely controlled by a temperature controller. Then, Raman 
spectra of the flexible SERS substrate were collected in situ under 
different temperatures. Au/Si ribbons were also measured at the 
same condition for comparison.

Electromagnetic Simulation: The finite element analysis was used to 
study the surface electromagnetic field distribution of Au/Si nanogap. 
The simulation was performed using the commercial software COMSOL 
Multiphysics. The type of mesh was free tetrahedral in active domains 
and free triangular in boundaries. The incident plane wave was defined 
by a periodic port, and the side boundaries were periodical with Floquet 
condition from a periodic port. The electromagnetic parameters of 
Au and Si were available in the material library of COMSOL, which 
were directly used in the simulation. The electromagnetic parameters 
of PDMS were referred to in previous literature.[58] All the parameters 
in the modeling, such as the thicknesses of Au and silicon, the width 
of nanogaps, and other related, were used as the same as in the 
experiment.
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